This review focuses on total syntheses of diterpenoids starting from carvone (1) since 2006 in the alphabetical order of compound names.
In the total synthesis of natural products, construction of requisite frameworks, introduction of functional groups and control of stereochemistries are major key issues. In order to promote total synthesis efficiently keeping these issues in mind, selection of starting material is also important. Especially, synthetic design changes depend on how to introduce asymmetric centers. Although enormous developments have been realized in asymmetric syntheses, importance of a chiral pool in total syntheses of natural products is still maintained due to the task in preparation of an asymmetric catalyst and rather small scale in asymmetric reactions. Among a variety of chiral pools such as -aminoacids [1], hydroxy acids [2] , carbohydrates [3], quinic acid [4] and terpenoids [5] , monoterpenoids have been used often due to easy availability of both enantiomers. Especially, both (R)-(-)-and (S)-(+)-carvones (1) as starting materials, in highly enantiomeric excess, are easily available at low cost, and have been employed for total syntheses of sesqui- [6] , di-, and higher terpenoids [7] and alkaloids [8] . Their functional groups make a variety of stereoselective transformations of carvones (1) possible, such as acylation or alkylation at the  or -position, reductive alkylation at the -position, or conjugate addition at the -position of -unsaturated ketones. The cyclohexanone ring can be used intact, whereas ring contraction or enlargement is possible by the carbonyl group. The double bond of the isopropenyl group can be transformed by catalytic reduction, epoxidation, dihydroxylation, oxidative cleavage and ring contraction. In spite of the general difficulty to introduce functional groups stereoselectively on a monocyclic ring, the isopropenyl or isopropyl group of carvones (1) make stereocontrolled introduction possible. After introducing functional groups on the six-membered ring, construction of a higher polycyclic framework is feasible through transformations such as elongation of the functional groups, a coupling reaction, Diels-Alder reaction of the side chains, ring closing olefin metathesis (RCM), Nozaki-Hiyama-Kishi reaction and so on (Scheme 1). These features are characteristic among other common monoterpenoids such as menthol, camphor and others.
Such flexibility and diversity of synthetic transformations of carvones (1) have enabled many total syntheses of natural products. This review focuses on diterpenoid syntheses starting from carvones (1) since 2006 in an alphabetical order of compound names. Scheme 1: Transformation of carvones (S)-(+)-(1) and (R)-(-)-(1) leading to chiral polycyclic frameworks Atisanes, kauranes and trachylobanes are bridged-polycyclic compounds that belong to the same biogenetic pathway, and which are formed by the bond cleavage of a cyclopropane ring of trachylobanes. Based on this idea, the Diels-Alder reaction of the side chain introduced on carvone (1) and subsequent intramolecular keto-carbenoid addition furnished the trachylobane framework, which was transformed into atisane and kaurane frameworks by bond cleavage of the cyclopropane ring [9] (Scheme 2). Aldehyde 2 was obtained through acetylation of the tetrabutylammonium enolate followed by an alkylation at the 'position of (R)-carvone (1), which was transformed into triene 3 by two sequential Wittig reactions. The key intramolecular Diels-Alder reaction proceeded stereoselectively to provide trans-anti-transhydrophenanthrene (4). The trachylobane framework 6 was obtained by intramolecular addition of diazoketone 5. The additional methyl group at C-4 was introduced by cyclopropanation by the Simmons-Smith reaction and subsequent regioselsective hydrogenolyis. Mesylation of diol 8 in the presence of H 2 O proceeded through bond cleavage of the cyclopropane ring by the participation of the neighboring mesyl group, and subsequent attack of H 2 O resulted in inversion of stereochemistry at C-14 to furnish atisenediol (10) .
After transformations of the trachylobane intermediate 7 into iodide 11, treatment with SmI 2 afforded atisenone (12) through formation of the cyclopropynyl radical and subsequent regioselective bond cleavage. Alternatively, treatment of hydroxyketone 13 with Li/NH 3 provided kaurane framework 14 regioselectively. The atisane framework could not be formed since the alkoxide destabilizes a carbanion intermediate. Atis-16-ene-3,14-dione (23), antiquorin (25) and 3-hydroxy-atis-16-ene-2,14-dione (27) have an atisane-type framework and were isolated from Euphorbia species. Compounds 23 and 25 have cytotoxic activity and compound 27 exhibits anti-AIDS virus activity. The total synthesis was completed by a similar route to the trachylobane synthesis [10] (Scheme 3).
The tricyclic framework of compound 16 was constructed by the Diels-Alder reaction of siloxytriene 15, which was prepared from the ent-aldehyde 2 as described in the previous paragraph. Trachylobane intermediate 19 was obtained by an intramolecular addition of diazoketone 18. A reduction of the ketone proceeded regio-and stereoselectively, which was followed by substitution to iodide 20. Treatment with SmI 2 resulted in ring opening to give the atisene-type compound 21. An isomerization of the endo-double bond to exo was carried out by an allylic bromination followed by a CrCl 2 reduction to afford ent-atis-16-ene-3,14-dione (23) . After protection of the carbonyl group at C-3 as the silyl enolether 24, a MoOPH oxidation provided ent-antiquorin (25) . Furthermore, Rubottom hydroxylation of the silyl enolether 24 furnished ent-3hydroxy-atis-16-ene-2,14-dione (27) . These syntheses corroborated the absolute stereochemistries of these compounds as enantiomers of the synthetic products. Scheme 3: Total syntheses of ent-atis-16-ene-3,14-dione (23), ent-antiquorin (25) and ent-3-hydroxy-atis-16-ene-2,14-dione (27) by Abad et al. [10] Approximately 60 cladiellins, 15 briarellins, and 30 asbestinins have been discovered in corals. Rare, highly oxygenated macrocyclic rings involving a 2-oxabicyclo[4.3.0]nonane skeleton and intriguing bioactivity such as cytotoxicity and anti-malarial stimulated the interest of organic chemists and many synthetic efforts have been reported so far [11] . At present, after installation of side chain 33 derived from (S)-(-)-glycidol to (S)-(+)-carvone (1), Prins reaction with aldehyde 34 was employed as a key reaction to construct a oxabicyclo[4.3.0]nonane framework 36, which was Syntheses of diterpenoids starting from carvone Natural Product Communications Vol. 11 (9) Due to the lack of diastereoselecivity of hydroboration of the isopropenyl group of (S)-(+)-carvone (1), diol 27 was transformed into lactone 29, which was followed by transformation to the silyl enolether and a protonation from the convex face to achieve control of the stereochemistry of the secondary methyl group. After transformation of enone 30 to vinyliodide 31, the vinyllthium by metal-halogen exchange was coupled with -alkoxyaldehyde 32, which was deprotected to give diol 33. An acetal formation with -unsaturated aldehyde 34 and subsequent Prins-pinacol reaction with SnCl 4 provided stereoselectively 2-oxabicyclo[4.3.0]nonane derivative 36. Photo-induced deformylation at the ring juncture and subsequent epoxidation proceeded stereospecifically to afford epoxide 38.
Epoxide 38 led to compound 39 after ring opening and acetylation. The seven-membered ether 41 was obtained by an S N 2 substitution of the triflate derived from silyl ether 40. Epoxide ring opening, removal of the secondary alcohol of 42 and selective esterification gave compound 44. Addition of tin reagent to the acetylenic moiety according to the method of Oehlschlager [13] provided, regioselectively, the internal vinyltin compound, which was substituted to vinyliodide 45.
Scheme 4: Total syntheses of briarellins E (47) and F (48) (contd.)
The Nozaki-Hiyama-Kishi reaction of the aldehyde 46 prepared through selective hydrolysis of the acetate 45 followed by an oxidation proceeded in high yield with high stereoselectivity to complete the first total syntheses of briarellins E (47) and F (48) (Scheme 4). The selectivity is postulated through intervention of the stable conformer of the bicyclo[7.2.0]nonane intermediate involving the Cr-O bond, which minimizes transannular and eclipsing interactions in the incipient nine-membered ring.
(+)-Cassaine (55) was isolated from the bark of Erythrophleum guinneese as a non-steroidal inhibitor of Na + -K + -ATPase and is known to possess remarkable pharmacological action similar to that of digitalis glycosides such as digitoxin. Its hydrophenanthrene framework was constructed by the author's original anionic polycyclization strategy based on the domino Michael reaction as a key step [14] (Scheme 5).
The isopropenyl group of the known decalone 49 derived from (S)carvone (1) was oxidized and cleaved to give enone 53, which was reacted with 1-phenylsulfinyl-3-penten-2-one 54 to afford tricyclic compound 55 by stereoselective anionic polycyclization followed by the elimination of phenylsulfinic acid. Selectivity of the cyclization was explained by the attack of the enolate of 3-penten-2one 54 from the -face of the enone 53 via Diels-Alder like endotransition state.
1394 Natural Product Communications Vol. 11 (9) 2016 Hagiwara Scheme 5: Total synthesis of (+)-cassaine (64) by Deslongchamps et al. [14] A catalytic reduction of the enone 57 prepared through decarboxylation of compound 55 proceeded from the -face and subsequent epimerization at C-8 arranged thermodynamically stable trans-B/C ring structure. After the introduction of one carbon unit at C-13 of ketone 59, aldehyde 62 was obtained through several steps, which was transformed into enol triflate 63. Finally, a palladium catalyzed carbon monoxide insertion and subsequent amidation completed the total synthesis of (+)-cassaine (64). Similarly, a synthesis of tricyclic precursors for bruceatntins, potent antitumor compounds, was also carried out.
(+)-Clavulatriene A (73) was isolated following the expression of a gene encoding a predicted terpene synthase in a heterologous host, S. avermitilis SUKA22, and showed cytotoxicity towards Jurkat cells with an IC 50 value of 5.63 μg/mL. After Michael reaction of imine 66 of dihydrocarvone (65), the product was transformed to ketophosphonate 68, which was followed by an intramolecular Horner-Wadsworth-Emmons reaction to afford α-cyperone (69) [15] . This protocol was superior in yield to that of de Groot et al [16] . The reductive desulfonylation and deacetoxylation by a palladium catalyzed reduction of phenylprenylsulfone coupling product 72 completed the total synthesis of (+)-clavulatriene A (73) without employing protective groups, which established the absolute stereochemistry of natural 73 (Scheme 6). Scheme 6: Total synthesis of clavulatriene (73) by Nagamitsu et al. [15] Crotophorbolone (89), a derivative of the tigliane diterpenoids, was isolated from the dried plant roots of Euphorbia fischeriana Steud, which has been used as a traditional Chinese medicine for the treatment of edema, ascites, and cancer. The strategy involved the preparation of the C-ring precursor 83 from carvone (1), connection of A-ring precursor 84 by a -allyl Stille coupling to compound 85, and a final intramolecular radical coupling to close the B-ring [17] .
Exploiting steric constraint by the isopropenyl group, (R)-carvone (1) was transformed into cyclohexanone 76 having all four substituents in equatorial positions. Introduction of the hydroxymethyl group to enone 74 was solved by the aldol reaction employing N-(hydroxymethyl)phthalimide. The vinylether added to the ketone 76 from the equatorial face. An acidic treatment to form the acetal 78, followed by an MCPBA oxidation, provided oxabicyclo[2.2.2]octanecarboxylic acid 79 stereoselectively. Considering the complex functionalities of the C ring along with steric inhibition between C-9 and C-10, connection between the A and the C rings to form the B ring was designed by a radical coupling. The carboxyl group of compound 79 was decarboxylated by the Barton method to form the selenide, which led to aldehyde 80. Side chain transformation of the adduct with vinyllithium 81 provided the bis-allylalcohol, which was followed by palladium Syntheses of diterpenoids starting from carvone Natural Product Communications Vol. 11 (9) 2016 1395 catalyzed isomerization, TIPS protection of the E-hydroxyl group and chlorination to give coupling precursor 83. The key -allyl-Stille coupling with n-tributyltincyclopentenone 84 proceeded in good yield to furnish the radical precursor 85 (Scheme 7). Scheme 7: Total synthesis of crotophorbolone (89) by Inoue et al. [17] The -alkoxy radical at the bridgehead position generated from the selenide 85 by 1,1'-azobis(cyclohexane-1-carbonitrile) (V-40) underwent a 7-endo-cyclization to connect stereospecifically C-9 and C-10 providing a three-membered framework 86. DFT computational study of the transition state of the radical reaction well explained the stereocontrol. After the introduction of the exo-methylene group at C-2, cyclopentenone 87 was obtained by rhodium-catalyzed isomerization. Hydrolysis of the acetal in the C ring and a subsequent oxidation led to carboxylic acid 88, which was oxidatively decarboxylated to locate a secondary hydroxyl group at C-13. After protection of the hydroxyl group, hydroxylation at C-4 by Davis reagent proceeded selectively from the -face of the molecule due to steric shielding of the TMSO group at C-9. Selective deprotection at C-13, followed by Dess-Martin oxidation, completed the first total synthesis of crotophorbolone A (89).
Eunicellanes, natural products involving the rare cubitane skeleton, were isolated from the East African termite and the soft coral Eunicella stricta. While aldol reaction between carvone (1) or its hydrogenated derivatives with aldehydes showed different behavior depending on their combination, the reaction of dihydrocarvone 90 and geraniol-derived aldehyde 91 proceeded diastereoselectively in good yield to give an aldol product, which was sensitive to a retroaldol reaction. After transformations into allylphosphate 92, treatment with SmI 2 , generated in situ from Sm and 1,2diiodoethane, promoted intramolecular Michael coupling to deliver bicyclo[8.2.2]tetradecadienone 93 having a rearranged-eunicellane framework [18] . The carbonyl group of compound 93 resisted various reducing agents and lithium aluminum hydride reduction under an oxygen atmosphere unexpectedly to provide hydroperoxide 94 [19] . Treatment with an acid promoted an acylrearrangement and subsequent elimination of H 2 O, which resulted in an opening of a 12-membered ring to give the cubitane core 97 (Scheme 8).
Scheme 8: Synthesis of cubitane core 97 by Lindel et al. [19] Cyrneine A (110), isolated from the mushroom Sarcodon cyrneus, enhances neurite outgrowth in pheochromocytoma cells. In this total synthesis, after leading dihydrocarvone (90) to a 5-6-6 tricyclic ring system 107 by the intramolecular Heck reaction, a 5-6-7cyrneine framework was obtained by a carbenoid ring expansion [20] (Scheme 9).
Keto-aldehyde 99, an ozonization product of cyclohexene 98, was cyclized by piperidine/acetic acid to a 5-membered aldehyde. Claisen rearrangement allowed stereoselective introduction of the quaternary carbon center to afford aldehyde 101. Knoevenagel reaction with cyclohexa-1,3-dione in the presence of Hantzsch ester, Hagiwara followed by introduction of a methyl group, provided 1,3-dione 102. Ozonization and subsequent Luche reduction of the triketone provided the regio-and diasereoselectively desired 5R,6R-hydroxydiketone 103. The selectivity of this desymmetrization is discussed by coordination of Luche reagent with the cyclopentanone carbonyl group. Scheme 9: Total synthesis of cyrneine (110) by Gademann et al. [20] The hydroxy-diketone 103 was transformed into enone 106 through reduction and allylic oxidation, which underwent intramolecular Heck reaction to construct the 5-6-6-tricyclic compound 107. Treatment of dibromoalcohol 108 with n-BuLi induced rearrangement of the sp 2 -carbon to a carbenoid to afford the ringexpanded compound 109. Finally, Pd catalyzed reductive insertion of carbon monoxide to the enol-triflate furnished an -unsaturated aldehyde to complete the first total synthesis of cyrneine A (110).
Eleutherobin (122), isolated from the Australian soft coral Eleutherobi, exhibits potent cytotoxicity against paclitaxel-resistant tumor cell lines. In this synthesis, bis-allyl alcohol 117 derived from the asymmetric oxyallylation of the carvone derivative was closed by RCM and the characteristic hemiacetal moiety was obtained by oxidation of the bis-alcohol [21] (Scheme 10).
Known aldehyde 113 [22] derived through Ireland-Claisen rearrangement of acetate 111 was subjected to a Hafner-Duthaler oxyallylation [23] employing Taddol as a chiral ligand to provide diastereoselectively the adduct 114. Following one carbon homologation at the acetal of 114, the resultant aldehyde 116 was again subjected to Hafner-Duthaler oxyallylation to provide the adduct 117, which resulted in the formation of an unstable E-tenmembered ring by RCM. According to discussions based on DFT calculations on the reaction pathway, the trans-Ru cyclobutane intermediate was more stable than the cis-isomer, which leads to the less stable E-olefin under kinetic control. E-ene-dione 118 easily isomerized into bis-hemiacetal 120 under weakly acidic conditions. Deprotection of MOM groups led to reconstruction of the acetal to furnish the Danishefsky intermediate 121.
Scheme 10: Synthesis of eleutherobin intermediate121 by Gennari et al. [21] An alternative synthesis directed toward eleutherobin (122) was reported [24] . The known acetal 74 was led to Z-
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Natural Product Communications Vol. 11 (9) 2016 1397 allylisopropylcarbamate 123. After lithiation with s-BuLi/TMEDA, the reaction with ene-ynal 125 promoted syn-S E ' addition to provide adduct 126, which was treated with acid to give tetrahydorfuran 127 having an eleutherobin core (Scheme 11). Scheme 11: Synthesis of eleutherobin core (127) by Fahy et al. [24] Elisabethanes having a tricyclo[7.4.0.0 1,5 ]tridecane framework are involved in the West Indian sea whip Pseudopterogorgia elisabethae. Members of this family display anti-inflammatory, anti-cancer and anti-tubercular activities. The RCM of bis-allyl compound 128 proceeded in high yield [25] . Barbier reaction of spiro-enone 129 gave tertiary alcohol 130, stereoselectively, in high yield, which was subjected to ring-opening-closing olefin metathesis to furnish the requisite tridecane framework 131 (Scheme 12).
Scheme 12: Synthesis of elisabethane core 132 by Srikrishna et al. [25] 11-Gorgiacerol (143a) and 11-epi-gorgiacerol (143b) have been isolated from the gorgonian coral Pseudopterogorgia acerosa and possess a pseudopterane framework. According to the known procedure [26] , ester 135 was prepared [27] from epoxycarvone 133. The transformation to -ketoester 136, followed by an alkylation, provided keto-acetylide 138, which was closed to furan 139 by base treatment. The aldol reaction with -butyrolactone 140 and a subsequent elimination gave butenolide 141, which delivered Z-macrocycle 142 by RCM, stereoselectively. Irradiation with a 400 W mercury lamp of the acetonitrile solution resulted in isomerization of Z-142 to a thermodynamically unstable E-142, followed by a subsequent stereospecific concerted supra [1,3]sigmatropic shift (Rodriguez-Pattenden photochemical ring contraction) [28] , which completed the first total synthesis of 11gorgiacerol (143a) and 11-epigorgiacerol (143b). The present synthesis enabled revision of the relative stereochemistry of the secondary alcohol and confirmation of the absolute stereochemistry of the natural product (Scheme 13). Scheme 13: Total synthesis of gorgiacerols (143) by Mulzer et al. [27] Guanacastepenes are potent inhibitors of drug resistant strains of Staphylococcus aureus and Enterococcus faecalis and produced by an endophytic fungus that was discovered in the Guanacaste Conservation Area in Costa Rica. In the present synthesis, stannyl cyclopentene derived from carvone (1) and the mandelic acid ester of allylalcohol derived from bicyclo[2.2.2]octane were connected by -allyl Stille coupling, and a subsequent intramolecular photochemical addition and SmI 2 mediated cleavage of the fourmembered ring provided the desired 5-7-6 ring framework [29] (Scheme 14).
After ozonolysis of dihydromethylcarvone 144, lactone 146 was obtained via cyanohydrin, which was treated with three equivalents of LiHMDS to give keto-enol 148 via a ring contraction of epoxyalkoxide 147 without the accompanying tautomer. Transformation to a nonaflate, followed by Pd(dppf)Cl 2 •CH 2 Cl 2 catalyzed stannylation in NMP provided vinyltin compound 149 as an A ring coupling partner.
Alcohol 153 was obtained by Bayer-Villiger oxidation of the Diels-Alder product 151 between 1,3-cyclohexadiene 150 and dimethyl acetylenedicarboxylate, followed by protection of hydroxyl groups and reduction. After dehydration of the primary alcohol by the Grieco protocol, resolution of the mandelic acid ester of alcohol 154 afforded the C-ring coupling partner 155. Scheme 14: Total synthesis of guanacastepene (161) (contd.) .
The -allyl Stille coupling between the vinyltin compound 149 and mandelic acid ester 155 proceeded in the presence of CuCl by Corey's protocol [30] to give coupling product 156. Intramolecular potochemical [2+2]addition proceeded diastereoselectively from the opposite side of the isopropenyl group. Treatment of the addition product 157 with SmI 2 resulted in selective cleavage of the cyclobutane bond overlapping with LUMO of the ketone to furnish a seven-membered ring. The intermediary samarium enolate was trapped with PhSeBr to give selenide 158, which led to dienone 159 by oxidation. Introduction of the acetoxy group at the -position of the ketone by the Rubottom method and subsequent O-Michael addition to install dihydrofuran ring completed the total synthesis of guanacastepene E (161).
Alternatively, the isopropylidene derivative of compound 160 has been synthesized by Danishefsky et al. and transformed into guanacastepene A [31] . [32] Catalytic reduction of enone 164 proceeded on an -face [32] . Requisite trans-anti-cis-hydrophenantrene framework 166 was constructed by the intramolecular aldol reaction of aldehyde 165 via chair-like transition state. Introduction of an acetic ester unit at C-13 and subsequent debenzylation gave the keto-carboxylic acid, which was heated with acetic anhydride to install -butenolide moiety and led finally to kravanhin B (167) for the first time (Scheme 15).
Natural Product Communications Vol. 11 (9) 2016 1399 Scheme 16 Synthesis of lippifoliane core 172 by Srikrishna et al. [33] Tricyclo[5.4.0.0 2, 4 ]undecane frameworks are involved in lippifoliane sesquiterpenoid or diterpenoid such as cyclosclareol, metasequoic acid and parguerol isolated from Lippia integrifolia (Griseb.) Hieron or Gnapholium pellitum. -Ketoester 170 was prepared by the reaction of the known aldehyde 169 with methyl diazoacetate. After diazotization, intramolecular cyclopropanation gave the desired skeleton 171 regio-and stereoselectively [33] . The presence of an ester group was required to realize the higher selectivity (Scheme 16).
Marginatafuran (184), the first example of an isospongian-type diterpenoid, was isolated from the skin extract of the northwestern Pacific common dorid nudibranch Cadlina luteomarginata. Its hydrophenanthrene structure was constructed by an intramolecular Diels-Alder reaction. Subsequent RCM installed a dihydrofuran moiety to complete the total synthesis [34] (Scheme 17).
After allylic chlorination of the isopropenyl group of the known acetal 173 [35] , oxidation with N-ethylmorpholine N-oxide (NEMO) led to aldehyde 175, which was oxidized and esterified to give ester 176. Elongation of the side chain by Wittig reaction provided dienolether 177, which was subjected to Diels-Alder reaction to result in the formation of trans-anti-transhydrophenanthrene 178a as a major product having a methoxycarbonyl group at a ring juncture. Scheme 17: Total syntheses of marginatafuran (184) and marginatone (188) by Abad-Somovilla et al. [34] After cyclopropanation for introduction of the methyl group at C-4 at later stage, Luche reduction provided alcohol 179 stereoselectively. 2,4-Dihydrofuran moiety of 181 was installed by O-allylation and subsequent RCM. Oxidation of the dihydrofuran, removal of the ketone at C-12 and alkaline treatment of the cyclopropanol furnished dimethyl compound 183. Further arrangement of oxygen functionalities completed the total synthesis of marginatafuran (184). A similar sequence was applied to the total synthesis of marginatone (188). Samaderines are penta-cyclic quassinoids isolated from Quassia indica, among which (-)-samaderine Y (207) was shown to exhibit in vitro cytotoxicity (IC 50 0.10 g/mL) against KB cells. After construction of a tetracyclic ring framework by an intramolecular Diels-Alder reaction, the total synthesis finished by the intramolecular aldol reaction leading to the penta-cyclic framework followed by arrangement of oxidation level of oxygen functionalities of the A-ring [36] (Scheme 18).
Oxidation of the -position of enone 189 previously developed [37] gave diketone 190, which was transformed into epoxide 191 via regio-and stereoselective reduction.
After epoxide ring opening leading to oxabicyclo[3.2.1]octane framework 192, aldehyde 193 was obtained through exchange of protecting groups. Grignard reagent 194 added to the formyl group regio-and diastereoselectively. The resulting 1,4-diene 195 was treated with NaH in the presence of crown ether to give 1,3-diene 196 by [1,3]sigmatropic rearrangement. The intramolecular Diels-Alder reaction of 196 provided trans-AB-fused product 197 as a major isomer. Attempts of S N 2 inversion of stereochemistry at C-7 of the triflate derived from acetate 197 resulted in substitution only in the trans-AB-fused isomer 197 to provide epimeric acetate 199, whereas cis-AB-fused acetate 197 gave elimination product 198, which was formed by the less hindered -face attack of an acetoxy anion due to 1,3-steric interaction in the -face. After allylic oxidation with Cr(CO) 6 /t-BuO 2 H, treatment with Mn(OAc) 3 •2H 2 O/t-BuO 2 H allowed formation of acetate 200. The stereochemistry at C-1 was inverted by oxidation and reduction to give alcohol 201. Final intramolecular aldol reaction proceeded unexpectedly from the -face of the carbonyl group to furnish unnatural (-)-14-epi-samaderine E (202). It was postulated that the epoxy-methano bridge held the C-ring rigidly and the ketone moiety was flipped downward, hence the enolate anion of 201 could only attack from the -face. Scheme 18: Total syntheses of 14-epi-samaderine E (202) and samaderine Y (207) by Shing et al. [36] The synthesis of samaderine Y (207) commenced with transformation of the D-ring prior to oxidation of the A-ring of the tetracyclic compoumd 199. -Unsaturated lactone 203 obtained by the intramolecular aldol reaction and subsequent dehydration was treated with NaBH 4 /NiCl 2 •6H 2 O to afford acetal 204 as a result of stereoselective conjugate reduction from the less hindered -face and the lactone carbonyl reduction. Oxidation of the A-ring was performed in a similar manner, as previously carried out with Mn(OAc) 3 •2H 2 O/t-BuO 2 H to furnish samaderine Y (207). Scheme 18: Total syntheses of 14-epi-samaderine E (202) and samaderine Y (207) (contd.).
Taxinin M core 215 was synthesized by a ring opening/C-C arylation protocol (Scheme 19). Scheme 19: Synthesis of taxinin M core 214 by Sarpong et al. [39] The known bicyclo[3.1.1]heptane 210b [38] derived from epoxycarvone (208) was transformed to the five-membered ether 211 [39] . Reaction with arylbromide in the presence of Pd(OAc) 2 and P(t-Bu) 3 or BINAP as a ligand resulted in sequential C-C bond Syntheses of diterpenoids starting from carvone Natural Product Communications Vol. 11 (9) 2016 1401 cleavage and cross coupling reactions to furnish oxabicyclo[3.2.1]octane framework 213. The reaction proceeded in good yields independent of substituents of arylbromide. Compound 210a also gave coupling product 215. Intramolecular aldol reaction of the coupling product 213 proceeded with excess amount of LiHMDS to provide the taxinin M core 214.
In conclusion, synthetic studies of a variety of diterpenoids have been carried out employing both enantiomers of carvones (1), in which characteristic features of carvones (1) have been cleverly exploited in each synthesis. Although diterpenoids such as abietane or sclareol have been utilized as starting materials because of their decalin framework having multiple asymmetric centers, both enantiomers are not always available and flexibility towards various synthetic transformations, as well as frameworks are limited, which makes carvones (1) as more plausible starting materials for natural product syntheses. Mother nature has been providing novel natural products continuously. Carvones(1)will be successively employing as useful starting materials for natural product syntheses. There have also been many reports on the total syntheses of higher terpenoids or alkaloids from carvones (1), which will be reviewed in due course.
